Abstract: To study the change rules of leakage current of long string insulators under high altitude condition, and using the current to characterize the insulators' running state and pollution level can be highly useful to prevent flashovers from happening. In this paper, waveforms the leakage current of long string insulators under high altitude condition are measured by artificial pollution tests and the amplitude-frequency characteristics of the leakage current are analyzed. The results show that with the increase of leakage current amplitude, the third harmonic content decreases, the current waveform became more sinusoidal, the phase difference between current and voltage reduces. Through the analysis of maximum leakage current of insulator strings in different salt deposit density (SDD), a linear relationship is found between the maximum leakage current and SDD, thus the insulator pollution level can be characterized with leakage current peak value. Through the analysis of leakage peak currents under different altitudes, it is found that the effects of altitude on the leakage current is the same with the influence of altitude on U50, leakage current peak becomes smaller with the increase of altitude, therefore the leakage current of different altitudes can be corrected by an index n which stands for the effect level of altitude drops on the flashover voltage.
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Abstract: To study the change rules of leakage current of long string insulators under high altitude condition, and using the current to characterize the insulators' running state and pollution level can be highly useful to prevent flashovers from happening. In this paper, waveforms the leakage current of long string insulators under high altitude condition are measured by artificial pollution tests and the amplitude-frequency characteristics of the leakage current are analyzed. The results show that with the increase of leakage current amplitude, the third harmonic content decreases, the current waveform became more sinusoidal, the phase difference between current and voltage reduces. Through the analysis of maximum leakage current of insulator strings in different salt deposit density (SDD), a linear relationship is found between the maximum leakage current and SDD, thus the insulator pollution level can be characterized with leakage current peak value. Through the analysis of leakage peak currents under different altitudes, it is found that the effects of altitude on the leakage current is the same with the influence of altitude on U50, leakage current peak becomes smaller INTRODUCTION EHV/UHV transmission has been widely used as the economy grows rapidly in China. Among the electrical equipments used in transmission lines, the insulator is a fundamental device and has been commonly used. With the improvement of insulator manufacturing techniques and the outdoor insulation configuration, the pollution flashover accidents have been reduced effectively. However, long string insulators may still occur flashover under fog, snow and other harsh weather conditions due to the surface contamination accumulation in the long-term operation [1] .
To characterize the reduction of the insulator's outdoor insulation level, the leakage current is an important parameter that can reflect insulator' s flashover situation [2] ; it is a comprehensive reflection and the final result of voltage, climate and contamination. Monitoring the leakage current online provides us with characteristic data of the natural contamination, which is of important use for on-site pollution prevention and insulator flashover risk warning. Leakage current contains periodic component as well as steep pulse component; they both contain information about insulation and discharge. However, the periodic component and the pulse component should be deal with separately [3] [4] .
Currently there are several existing aspects to carry out researches about the leakage current. The research of the amplitude of leakage current indicates that the amplitude increases as the salt density increases and the air pressure decreases [5] ; and there is an exponential relationship between the amplitude and the salt density, as well as applied voltage and humidity [6] . In the research of phase difference of the leakage current and voltage, the experiment result shows that the phase difference decreases with the increase of the relati ve humidity, temperature and the contamination level [7] . As to harmonic analysis of the leakage current, the fundamental resistive component of the leakage current can be used to represent the contamination level of insulator under low humidity condition [8] , and a method of using both median filtering algorithm and 53H algorithm to separate the periodic component and the steep pulse component of leakage current is mentioned [9] . In summary, the previous studies were carried out under low altitude environment and focusing mainly on the relationships of temperature, humidity and phase difference between current and voltage, or the qualitative relationship between the leakage current and air pressure, and most of the study objects are short string insulators. However, as regarded only to China, 68% of the land is plateaus and mountain area of 1000-3000m altitude, where the air is thin and pressure is low, thus flashover is more easily to occur in the same configuration under this circumstance. Therefore, it is of important necessary to carry out anti-pollution flashover work for long string insulator under high-altitude circumstance by making analysis on its leakage current.
In this paper, waveforms of the leakage currents of long string double-umbrella insulators are obtained under high altitude artificial pollution tests involving different altitudes and different pollution levels. The change rules of the amplitude-frequency and the phase of the leakage current are found by analyzing their characteristics; and a quantitative relationship between the leakage current and altitude is obtained as well as the current with the salt density. The results are of certain guiding significance for insulator operation safety under high-altitude circumstance.
II. ARTIFICIAL POLLUTION TESTS OF DIFFERENT ALTITUDES
The high altitude artificial pollution tests of long string insulators are conducted in the large environmental and climatic laboratory at the UHV AC test base. The environmental and climatic laboratory can simulate special natural conditions including high altitude, low pressure, icing, pollution, etc. The laboratory can undertake experiments about outdoor insulation properties of EHV IUHV transmission equipment under special conditions. The laboratory' s structure is shown as figure 1. The laboratory tank (spray chamber) is 25m high and of 20m diameter, equipped with refrigerating system, vacuum system, spray system and ACIDC supply power for contamination tests; it can simulate temperature of -20 D low and the atmospheric pressure of 50kPa low (equivalent to an altitude of 5500m). 
5-Leakage current collection system
The leakage current collection system is used here to collect the leakage current from the insulator; it's connected to the insulator' s low power end at one side, and the collection terminal at the other side. In this way we can record every change of the waveform and the amplitude of the leakage current during the whole test.
According to procedure B of Standard of Artificial Pollution Test of Insulators in High-voltage AC System in GBfT4585-2004, the energizing-after-wetting method is used in the tests, and the insulators are polluted by using solid layer method, the U 50 is obtained by using up and down method. The parameters and contents of the test are shown as table 1. 
III.
Tab. I Test parameters
Pieces SDD NSDD Altitude Mist (mg! cm 2 ) (mg! em 2 ) (m)(MPa)
ANAL YSIS OF LEAKAGE CURRENT AMPLITUDE-FREQUENCY AND PHASE CHARACTERISTICS
Leakage current contains abundant information about the insulator operation status. During the test we found that the waveform of the leakage current changes with a certain regularity. Figure 2 shows the part we extract from the leakage current that the amplitude increases gradually. The applied voltage is 825kV. We can see that the waveform of the leakage current is not of standard sine shape; and the current maintains zero for a time when crossing zero as voltage changes periodically, this phenomenon is commonly referred to as 'zero rest'. We can also found in a single period of the current that the 'zero rest' lasts longer while the current amplitude is smaller, and the waveform shape is less closer to the sine wave, vice versa. In order to obtain a quantitative result of the leakage current characteristics of this change, we could look into the characteristics of amplitude-frequency and phase of the leakage current.
Take the leakage current of 54.23mA, lO1.50mA and 355.28mA to analysis, we use Fourier transformation to change the signal from time domain to frequency domain, waveforms and amplitude-frequency characteristics are shown as figure 3 (a), 3 (b) and 3 (c). The calculated result of third harmonic content and phase difference between current and voltage of the leakage current of different amplitudes are shown as From figure 3 and table 2 we can see that with the Increase of leakage current amplitude, the content of third harmonic gradually reduces, the current waveform becomes more sinusoidal, the phase difference between current and voltage gradually decreases. And from a single test process we can see that the content of third harmonic and phase difference between current and voltage are decreasing as the current amplitude increases. The increase of current amplitude and the decrease of phase difference between current and voltage indicate the increase of power loss caused by the discharge on the insulator surface, that the arc activity is more intense, the consumption of active power increases in the forms as light, heat, magnetism, sound, etc.
IV. THE RELATIONSHIP BETWEEN LEAKAGE CURRENT AND SALT DENSITY AND ANAL YSIS OF THE IMPACT FACTORS
From the analysis of section 2, we now know that the discharge on insulator surface can be characterized by the amplitude of the leakage current. The value of the leakage current amplitude is impacted by conductivity of the pollution layer on the insulator surface; and we know that conductivity is related to salt density and humidity, if we collect the leakage currents of the insulator surface under saturated humidity and different salt density, then we can obtain a relationship between the maximum amplitude of leakage current and salt density. In the following analysis, the maximum amplitudes of leakage current were all measured under saturated humidity during the whole artificial contamination withstanding test. The maximum amplitudes of leakage current discussed in this paper are mean value of several tests.
A The relationship between leakage current and salt density Since the voltages applied In the tests were different, we need a formula (1) to normalize the leakage current, in order to get the equate value of leakage current of different contamination degrees to the reference contamination degree (0.06mglcm 2 ):
In the formula By comparing the values of salt density and IS dd kl we can find a proportional relationship between them, and the obtained conversion formula between leakage current and salt density is shown as formula (2).
sdd' l sddo 10000 U sdd ' I P "ldk l --equated salt density (mg/cm 2 ) of different maximum leakage current;
The errors of between the actual values and the estimated values obtained by the conversion formula are shown below in table 5. Considering the error introduced by the weighing and smearing operations during the contamination, the errors between estimated values and actual values are within the permissible range. And there is a disassembling and cleaning process during actual measuring insulators' salt density of the running lines, the loss of contaminant gathered is likely to be bigger, thus the error obtained in this situation is far away from estimated range. All in all, it is practicable to use the maximum leakage current and operating voltage to estimate the contamination level. As the withstand voltage apphed at the Simulated altitude is different from the voltage applied at Om, we can use formula (3) to calculate the leakage current of a equated voltage under different altitudes.
In the formula: at a high altitude.
7.
The leakage currents after conversion are shown as It is obvious in table 7 that the amplitude of leakage current decreases as the altitude increases at the same SDD and applied voltage. Compare table 7 with table 6 , we could see that the current of high altitude calculated after voltage conversion is much bigger than actually measured, this indicates the impact of altitude on leakage current as well as the pollution withstand voltage. Same experimental studies on contamination discharge problems at high altitude, low pressure conditions have been done at home and abroad, it is generally concluded that with the reduction of pressure, there is a non-linear relationship between the flashover voltage U and the pressure P which can be represented by formula (4) To study the influence rule of altitude on leakage current, we can use formula (5) to do another conversion of the leakage current in table 7, Conversion the leakage current to the calculated results of apply withstand voltage of this altitude, which is shown as table 9. The error ratio is between 3%-17%, considering that the complexity of impacting factors of the insulator surface discharging process during the artificial contamination tests and the instability of leakage current amplitude, the conversion results have consistency with the measured results. Thus the maximum leakage current amplitude of a high altitude can be calculated by formula (6):
The formula shows that the leakage current amplitude of insulator in transmission line of high altitude is smaller than that of the plain areas under the same voltage level and same insulator configuration. Thus to ensure the safety and stability of the transmission line operation, the warning threshold of contamination flashover current in high altitude areas should be smaller than the plain areas, and the estimated threshold could be calculated with the formulas obtained above.
V. CONCLUSIONS
In this paper, after looking into the change rules of amplitude-frequency and phase of the leakage current, we have obtained formulas between leakage current and SDD as well as altitude, and the main conclusions are as follow:
(1) The content of third harmonic decreases with the increase of the amplitude of leakage current, at the same time the current waveform becomes more sinusoidal and the phase different between current and voltage decreases gradually;
(2) The leakage current is characteristic parameter of the insulators' contamination level; the SDD can be estimated based on the maximum leakage current and the running voltage of the operation line with formula
PSddk l = I x U sdd k J sdd 0 10000 U sdd k l (3)There is a correspondence relationship between the impact of altitude on the leakage current and altitude on U50, the leakage current of different altitudes can be calculated by using formula 1= Ihigho XUhighk, C .!:..-) "
Uhigl10
Po C 4) The amplitude of leakage current of insulator in transmission line of high altitude is smaller than that of the plain areas under the same voltage and the same insulator configuration, therefore, the warning threshold of contamination flashover current should be set according to the altitude of the running line.
